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Background. The application of in vitro translation to the synthesis of unnatural peptides may allow the production of
extremely large libraries of highly modified peptides, which are a potential source of lead compounds in the search for new
pharmaceutical agents. The specificity of the translation apparatus, however, limits the diversity of unnatural amino acids that
can be incorporated into peptides by ribosomal translation. We have previously shown that over 90 unnatural amino acids can
be enzymatically loaded onto tRNA. Methodology/Principal Findings. We have now used a competition assay to assess the
efficiency of tRNA-aminoacylation of these analogs. We have also used a series of peptide translation assays to measure the
efficiency with which these analogs are incorporated into peptides. The translation apparatus tolerates most side chain
derivatives, a few a,a disubstituted, N-methyl and a-hydroxy derivatives, but no b-amino acids. We show that over 50
unnatural amino acids can be incorporated into peptides by ribosomal translation. Using a set of analogs that are efficiently
charged and translated we were able to prepare individual peptides containing up to 13 different unnatural amino acids.
Conclusions/Significance. Our results demonstrate that a diverse array of unnatural building blocks can be translationally
incorporated into peptides. These building blocks provide new opportunities for in vitro selections with highly modified drug-
like peptides.
Citation: Hartman MCT, Josephson K, Lin C-W, Szostak JW (2007) An Expanded Set of Amino Acid Analogs for the Ribosomal Translation of Unnatural
Peptides. PLoS ONE 2(10): e972. doi:10.1371/journal.pone.0000972
INTRODUCTION
The recent development of translation systems reconstituted
entirely from purified components [1–4] has enabled the
ribosomal synthesis of peptides composed primarily of unnatural
(i.e. non-proteinogenic) amino acids. The major roadblock to the
ribosomal synthesis of highly modified drug-like peptides is the
limited number of unnatural building blocks known to be
compatible with the translation apparatus. This dearth of
unnatural building blocks results in part from difficulties in
loading unnatural amino acids onto tRNA, the key first step in
translation. Several techniques for charging tRNAs with unnatural
amino acids have been developed such as chemoenzymatic tRNA
acylation [5–7], ribozyme acylation [8], chemical acylation using
PNA thioesters [9], and the use of engineered aminoacyl-tRNA
synthetases (AARSs) [10]. Unfortunately all of these approaches
require specialized reagents and/or multistep syntheses. In
contrast, an all-enzymatic system using the wild-type AARSs
would be as convenient as a standard translation experiment using
the twenty proteinogenic amino acids. To this end we have
recently developed a MALDI-TOF MS screening assay [11] that
has uncovered over 90 unnatural building blocks that are AARS
substrates. The incorporation of these amino acids into peptides,
however, depends on the efficiency of aminoacylation, and on
whether or not they are compatible with the translational steps
subsequent to aminoacylation. The specificity of many of these steps
with respect to unnatural amino acids is unknown. It is clear;
however, that the ribosome does not tolerate certain very sterically
demanding aminoacyl-tRNAs [12,13], and recent studies suggest
that a threshold EF-Tu affinity is required for aminoacyl-tRNAs to
enter the A-site of the ribosome [14]. Particular types of backbone
analogs also seem to be excluded during these translational steps
[15], although exactly how they are rejected is not well-understood.
Our newly defined pool of AARS substrates is ideal for
addressing these specificity questions because it contains a diverse
collection of side chain, N-methyl, a,a-disubstituted, and b-
aminoacyl-tRNAs. Here we describe a straightforward means of
determining whether an enzymatically charged unnatural amino
acid can be effectively incorporated into a peptide. The results of
these experiments have allowed us to identify over 50 unnatural
amino acids that can be incorporated at a single defined position
in a peptide with high efficiency using an all-enzymatic translation
system. Our work identifies building blocks that can be combined
to prepare highly modified peptides that contain multiple
unnatural amino acids. We also identify many cases where the
engineering of synthetases, EF-Tu or the ribosome itself may be
required to enable efficient incorporation of interesting analogs.
RESULTS
Aminoacylation competition assay
The MALDI-TOF MS assay that we used to identify unnatural
amino acids that are AARS substrates [11] does not provide
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synthesis of aminoacylated tRNA, and the degree to which an
analog competes effectively against traces of contamination with
the natural amino acid, can greatly affect the yield and purity of
analog-containing peptides synthesized by in vitro translation.
However, detailed kinetic analysis of large numbers of analogs is
not feasible. We therefore devised an AARS competitive inhibition
assay in which the charging of a natural amino acid in the
presence and absence of an analog could be quantitatively
compared by MS through the use of an isotopically labeled
derivatizing reagent [11]. In order to compare analog inhibition
among different AARSs, we set the natural amino acid at roughly
2x its Km and then added the unnatural amino acid analog at 1000-
fold higher concentration. As an example, the assays for the
inhibition measurement of valine analog 3-fluoro-valine (N15) are
shown in Figure 1. For each assay an identical amount of non-
isotopically derivatized Val-AMP was added as an internal
standard, and experiments in the presence or absence of the
analog were performed using the deuterium (d15) labeled
derivatizing reagent [11]. The presence of competing N15 clearly
led to a strong decrease in the intensity of the d15-Val-AMP peak
(Figure 1B) when compared to the assay with valine alone
(Figure 1A). Comparison of the ratio of Val-AMP to d15-Val-AMP
in the presence and absence of the analog allowed determination
of the % inhibition value.
The inhibition data for the analogs is presented in Table 1. As
expected, different analogs vary widely in their ability to
competitively inhibit the aminoacylation of the natural amino
acids. In general, we expect good competitive inhibitors to be good
substrates, although this correlation need not always hold.
Nevertheless, as discussed below, analogs that are good compet-
itive inhibitors tend to be translated more efficiently than analogs
that are poor competitors, supporting the idea that the synthesis of
high levels of aminoacylated tRNA during a translation reaction
facilitates the synthesis of analog-bearing peptides.
Translation efficiency of analogs
We have previously defined a set of ,90 amino acid analogs that
can be enzymatically charged onto tRNA [11]. To determine
which of these could be incorporated into peptides, we used an
assay based on the translation of short peptides containing a single
unnatural amino acid. We prepared 5 separate mRNA templates
containing a C-terminal FLAG or His6 tag for purification; this set
of templates is similar to but more complete than that previously
described [1]. Each template was designed to test analogs of 4 of
the natural amino acids (Figure 2, a–e). The translation reactions
were then carried out in the PURE translation system [1,4] with
35S-methionine as the N-terminal radiolabel, except for Met
analogs which were tested using
3H-His and template e. In each
test, one of the natural amino acids was omitted and a correspond-
ing analog added in its place; thus synthesis of radiolabeled tagged
peptide required readthrough of the codon assigned to the
unnatural amino acid [1]. The peptide yield for each unnatural
amino acid was determined relative to the peptide yield for the
corresponding natural amino acid, by comparison of the peptide
radioactivity for the all-natural peptide with that containing the
unnatural analog. To verify that the translated peptide contained the
unnatural amino acid, the mass of the peptide was determined by
MALDI-MS. For unnatural amino acids that differed in mass by +/
21 amu from their natural counterparts, we verified incorporation
using templates requiring multiple (4–7) incorporations. For in-
stance, incorporation of the tryptophan analog A18 was tested using
a template with 4 tryptophan codons (see supporting information
Figure S1) and was unambiguously identified due to its +4m a s s
difference from the tryptophan containing peptide.
We grouped the amino acid analogs that we studied into three
classes based on translation efficiency and specificity. Class I
monomers resulted in a peptide yield that was .75% of that
obtained with the corresponding natural amino acid, and the
translated peptide was homogeneous by MALDI-MS analysis.
Class II monomers were translated less efficiently, with a peptide
yield ranging from 25% to 75% of that obtained with the natural
amino acid, but the translated peptide was still homogeneous.
Class III monomers were either poorly translated ( ,25% peptide
yield) and/or led to a heterogeneous mixture of peptides. In many
cases inefficient translation correlated with poor aminoacylation,
suggesting that the synthesis of aminoacylated tRNA may have
limited peptide yield. Peptide heterogeneity was most often due to
the misincorporation of natural amino acids in place of the desired
analog. We discuss these analogs in groups based on their side
chain and backbone compositions. We used the same amino acid
abbreviations used in our previous paper [11] (C=Charged,
P=Polar, A=Aromatic, N=Nonpolar, a= a,a disubstituted,
b=beta amino acid, M=N-methyl). Since our first report we have
found two additional unnatural amino acids that are efficiently
aminoacylated and translated; these compounds (‘Photo-Leu’,
N25; ‘Photo-Met’, N26) are also discussed below. Finally, we have
described the translation results for twelve of these analogs in
a preliminary report [1]; because these analogs are included in the
other experiments described herein, we have included them here.
Figure 1. Inhibition of the charging of valine by analog N15. The
intensity of the d15-Val-AMP in the absence (A) or presence (B) of analog
N15 (50 mM) is shown. Valine was present in both assays at 50 mM. The
difference in the ratio of Val-AMP and d15-Val-AMP in the assays was
used for the inhibition calculation. As expected for a ValRS substrate,
a peak corresponding to the d15-N15-AMP was also observed in the
analog-containing assay. This peak was not used in the determination
of inhibition.
doi:10.1371/journal.pone.0000972.g001
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Most of the negatively charged GluRS and AspRS substrates
shown in Figure 3 were efficient translation substrates. All three 4-
fluoro-glutamates (C3–C5) were efficiently incorporated, but both
4-methyl analogs (C1 and C2) were poorly translated. Amino acids
C1 and C2 also compete much more poorly with glutamic acid for
the GluRS active site than their fluoro counterparts, suggesting
that inefficient charging is the cause of their poor translation.
L-threo-b-hydroxy aspartic acid (C6) is an Asp analog found in
certain NRPs, such as the iron-chelating aquachelins [16] and
pyoverdins [17]. As observed previously, C6 was efficiently
incorporated into peptides in place of Asp [1,18]; it also competes
well with Asp in the tRNA-Asp aminoacylation assay.
We have confirmed the efficient translation of the Lys analog, S-
2-aminoethyl cysteine (C7) [1,19], and observed that another Lys
analog, trans-dehydro lysine (C8), was translated with high
efficiency. C8 is incorporated into collagen in a chick embryo
system [20]; both C7 and C8 exhibit antibacterial activity due to
their ability to bind and inhibit bacterial riboswitches involved in
lysine biosynthesis [21].
The positively charged Leu analog aza-leucine (C9) was a strong
competitive inhibitor of LeuRS, and was also translated efficiently.
Incorporation of this analog into protein is consistent with several
reports, including upregulation of heat-shock genes when E. coli is
challenged with aza-leucine [22,23].
Of the four arginine analogs found to be AARS substrates, L-
canavanine (C10) [1,24] was translated efficiently, while L-NMMA
Table 1. AARS competition data for unnatural amino acids
..................................................................................................................................................
Analog
a % Inhibition
b Range Analog
a % Inhibition
b Range Analog
a % Inhibition
b Range
A1 20 0.4 C8 76 1.1 P1 3 13.2
A2 49 3.8 C9 15 8.4 P2 4 7.8
A3 46 23.0 C10 82 10.3 P3 25 7.8
A4 214 13.0 C11 23 14.2 P4 21 1.8
A5 78 2.1 C12 24 2.1 P5 92 2.9
A6 11 2.2 C13 21 7.7 P6 1 1.0
A7 24 1.8 N1 82 3.3 P7 70 0.0
A8 25 2.1 N2 63 2.4 a1 (LeuRS) 14 1.8
A9 94 6.1 N3 73 0.5 a1 (ValRS) 59 3.3
A13 85 1.9 N4 34 5.5 a2 (LeuRS) 2 9.7
A14 24 11.2 N5 70 3.0 a2 (ValRS) 58 2.4
A15 52 1.2 N6 97 0.5 a3 31 5.4
A16 13 3.8 N9 282 . 4 a4 9 2.0
A17 111 9.8 N10 2 2.4 a5 1 1.2
A18 76 11.4 N11 9 0.8 a6 32 1.3
A19 24 22.9 N12 83 1.4 a7 0 5.4
A20 77 11.3 N13 80 0.4 b1 3 1.0
A21 29 16.1 N14 76 3.0 b3 217 1.0
A22 27 3.8 N15 74 1.4 b7 12 6.3
A23 19 2.7 N16 (LeuRS) 53 7.8 b8 5 6.8
A24 7 4.1 N16 (ValRS) 37 1.2 b9 25 5.1
A25 3 6.5 N17 83 16.7 b10 271 1 . 8
C1 9 0.1 N18 52 22.2 M1 14 3.1
C2 12 2.0 N19 28 19.7 M2 0 11.0
C3 78 3.6 N21 39 0.3 M3 27 1.7
C4 77 0.6 N22 30 12.7 M4 12 6.9
C5 85 0.0 N23 67 12.6 M5 219 4.4
C6 59 0.5 N24 28 10.0 M6 22 5.8
C7 135 2.0
aAnalog abbreviations are taken from ref. 11. Structures of all analogs are listed in the subsequent tables.
b% Inhibition is the average loss in intensity of the AA-AMP peak relative to a control with no analog added; higher values signify more inhibition.
doi:10.1371/journal.pone.0000972.t001
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Figure 2. Peptides encoded by mRNA templates used in this study.
The position(s) of the radiolabeled methionine or histidine are
underlined.
doi:10.1371/journal.pone.0000972.g002
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G-methyl arginine) (C11) was translated with somewhat lower
efficiency (65% peptide yield relative to Arg). N
G-hydroxy arginine
(C12) and vinyl-L-NIO (C13) did not yield any detectable peptide,
and were also poor competitors in the AARS assay.
Polar, uncharged
Two polar but uncharged amino acid analogs are excellent
translation substrates (Figure 3). Of these, we and others had
previously observed DL-b-hydroxy norvaline (P5) to be an excellent
threonine surrogate in translation reactions [1,24]. Remarkably,
the L-Glu c-methyl ester (P7) efficiently substituted for methionine
in all steps of translation; fully formylated peptides containing the
expected double incorporation of P7 were observed in experiments
with template e. This analog is found in the microviridins, peptides
produced by certain cyanobacteria, which were initially isolated as
elastase inhibitors [25]. In contrast, the L-Asp b-methyl ester (P6)
led to the translation of a heterogeneous mixture of peptides,
including the non-formylated peptide and peptides that initiated at
codons other than methionine, suggesting that the initiation
complex does not tolerate this analog.
Ofthe three analogs previously found to be GlnRS substrates (P1–
P3), L-glutamic acid c-hydrazide [18,26], L-albizziine [18], and L-
theanine[18], only the hydrazide was tolerated by the translation
apparatus. Acivicin (P4), the cyclic anti-cancer agent and c-
glutamanyl transpeptidase inhibitor [27] was not translated efficient-
ly, consistent with its poor activity in the IleRS competition assay.
Aromatic Analogs
We examined two histidine analogs, b-2-thiazolyl-alanine (A1) and
b-(1,2,4-triazol-3-yl-alanine) (A2) [28–30]; A2 allowed efficient
peptide synthesis as described [1], but we could not detect any
peptide product containing A1 (Figure 4). A1 also showed poorer
competitive inhibition of HisRS (Table 1). Our observations are
entirely consistent with earlier in vivo experiments in which a
His-auxotrophic E. coli strain was used to show that A2, but not
A1, could be incorporated into a specific protein [28].
The tyrosine analog 3-fluoro tyrosine [24,31] (A3) was trans-
lated efficiently, as previously observed [1]. However, 3-nitro
tyrosine (A4), with a bulkier substituent at the 3-position, was not
detectably incorporated into peptides. Again, these results
correlate with those of the AARS competition assay.
Of the four phenylalanine surrogates previously shown to be
PheRS substrates [11], 2-fluoro Phe (A5), 2-thienyl Ala (A6) [24], b-
methyl Phe (A7), and b-thienyl Ser (A8), only the previously
described A5 [1] wastranslated efficiently. Use of the PheRS A294G
mutant allowed several previously described p-substituted analogs
(A9–A13) [32] chloro, bromo, iodo, ethynyl, and azido, to be
introduced into peptides in good yields. However, p-nitrophenyla-
lanine (A14) was poorly translated in the presence of this synthetase.
EachofthepoorlytranslatedPheanalogswerealsopoorcompetitors
in the AARS assay (all showed less than 25% inhibition).
All of the tryptophan analogs examined (A17–A23) proved to be
competent translation substrates, despite a wide variation in AARS
competition ability. There is some disagreement in the literature
[33,34] whether 3-(thianaphthen-3-yl)-L-alanine (A23) can be
translated; in our system it was a reasonably good substrate.
The aromatic glutamate receptor agonists [35,36] and GluRS
substrates L-quisqualic acid (A15) and ibotenic acid (A16) had
different fates in translation—only L-quisqualic acid was translated
in good yields. Ibotenic acid was also much weaker in the AARS
competition assay.
Both of the aromatic isoleucine surrogates DL-a-(2-thienyl)gly-
cine (A24) and L-phenylglycine (A25) were excellent translation
substrates, consistent with the successful in vitro suppression
experiments with L-phenylglycine [37].
Nonpolar
A wide variety of nonpolar substrates were translated efficiently
(Figure 5). We examined a large number of Met analogs using
Figure 3. Amino acids with charged or polar side chains and their translation yields relative to the cognate natural AA.
doi:10.1371/journal.pone.0000972.g003
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3H-His for labeling, and the His6 tag for peptide
purification. We confirmed the translatability of many previously
reported methionine analogs [1,38–40] in our assay including 2-
amino hex-5-ynoic acid, crotylglycine, L-norleucine, L-norvaline, L-
ethionine, and L-b-azidohomoalanine, and (N1-N6). On the other
hand, four other MetRS substrates, 6,6,6-trifluoronorleucine (N7),
2-amino-4,4,4-trifluorobutyric acid (N8), L-C-propargyl glycine
(N9) [41], and L-allyl glycine (N10) [41] resulted in poor translation
initiation and/or elongation without any evidence for misincor-
poration. Analog N10 (as well as N6) [1,42] could, however, be
charged and incorporated using the editing deficient LeuRS
D345A [43]. b-Cyclopropyl alanine (N11) was efficiently trans-
lated, but the resulting peptide was a mixture of full length peptide
and peptide lacking the N-terminal residue, suggesting initiation
with N11 was difficult. The photoactive diazirine bearing Met
analog (N26) [44] was efficiently incorporated into peptide. This
analog, also known as photo-Met, should be a useful probe for
studying the binding sites of in vitro translated peptides on protein
targets.
Valine analogs3-fluoro-valine (N12), t-butyl-glycine(N13), and O-
methyl-L-threonine (N14) as well as (2S,3S)-2-amino-3-methoxybu-
tanoic acid (N15) were incorporated into peptides in excellent yields.
The analog 4-thia-isoleucine (N16) was charged by both ValRS and
IleRS, but only the aminoacylated tRNA
Ile resulted in efficient
analog incorporation into peptide. It remains unclear as to whether
this difference reflects a difference in tRNA charging efficiency (the
AARS competition assay showed they were both moderate
competitors) or a difference in the interaction of the charged tRNAs
with EF-Tu and/or the ribosome. The isoleucine analog L-
cyclohexylglycine (N20) was easily integrated into peptides.
We and others have previously reported that translation reactions
containing the leucine analog 59,59,59-trifluoro leucine (N17) were
highyielding[1,24].LeuRSsubstratesb-t-butyl-alanine(N18)andb-
cyclopentyl alanine (N19) also could be translated in moderate to
excellent yields. The photoreactive diazirine bearing Leu analog
N25 is aminoacylated by LeuRS and efficiently incorporated into
peptides. This analog (photo-Leu) [44] provides an additional probe
of the interaction of translated peptides with protein targets.
All four proline analogs: thiazolidine-2-carboxylic acid (N21)
[45] thiazolidine-4-carboxylic acid (N22) [46], 3,4-dehydro proline
(N23) [47,48], and L-azetidine-2-carboxylic acid (N24) [1,49], were
excellent substrates for the translation apparatus.
a,a Disubstituted Amino Acids
After completing our analysis of side chain analogs, we proceeded to
test those backbone analogs that can be enzymatically charged onto
tRNA, including a,a disubstituted amino acids, b-amino acids, N-
methyl amino acids and a-hydroxy acids (Figure 6). Only two of the
seven a,a disubstituted amino acids that are AARS substrates could
be incorporated into peptides during translation (Figure 6, a1–a7).
These two, 1-amino cyclopentanoic acid (a1) and 1-aminocyclohex-
anoic acid (a2), were both charged by both ValRS and LeuRS, and
both were good translation substrates in response to Val but not
Leu codons. Interestingly, a1a n da2 were also the best AARS
competitors among the a,a disubstituted amino acids in the
competition assay, suggesting that a,a disubstituted AAs incorpora-
tion into peptide in our system is controlled at least in part by the
AARS. The ribosome and/or EF-Tu are also implicated in low
translation efficiencies for a-methyl substituted AAsby a recentstudy
using chemically acylated tRNA [15].
Figure 4. Amino acids with aromatic side chains and their translation yields relative to the cognate natural AA.
doi:10.1371/journal.pone.0000972.g004
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Although one b2 (b10) and eleven b3 (b1–b9, b11) amino acids are
known to be AARS substrates [11], none were incorporated into
peptides by the translation apparatus (Figure 6). Although this is
a disappointing result, it is consistent with previous reports of poor to
undetectable incorporation of b-amino acids in translation experi-
ments [7,15,50,51]. Literature reports do suggest that b-amino acids
can act as peptide donors at the ribosome P site [52]. This is
consistent with our finding that b9 is able to serve as an initiator
amino acid, albeit inefficiently. Very recently, Sando and coworkers
have found that b2hydroxy acids are competent translation
substrates and have suggested that the elevated pKa of the amine
in b2amino acids prevents deprotonation and peptidyl transfer [53].
If thisinterpretation is correct, ribosome engineering may be required
to enable the efficient incorporation of b-amino acids into peptides.
One difficulty with our studies of the aminoacylation of the b-
amino acids is that some of them have an identical mass to their
natural analogs (b2, b4–b6, and b11). Since it is impossible to rule
out natural amino acid contamination using our MALDI-MS
assay for tRNA aminoacylation, it was possible that these analogs
were not actually charged. However, the observation that they are
not translated confirms that they are charged onto tRNA, since
tRNA charging with contaminating natural amino acid would
have led to efficient peptide translation.
N-methyl amino acids
The N-methyl amino acids are of particular interest since they are
very common in the natural product non-ribosomal peptides, to
which they are thought to contribute protease resistance and
membrane permeability. Of the six N-methyl amino acids that
were AARS substrates (M1–M6, Figure 6) only N-methyl Asp (M3)
and N-methyl His (M4) resulted in even moderate yields of
translated peptide. One of the difficulties in testing the translation
of these compounds was that many of them were contaminated
with very small amounts of the unmethylated, natural amino acid.
In order to remove this contamination an excess of the N-methyl
amino acid was put into an AARS reaction. Since the
contaminating natural amino acid is a more efficient substrate
than the N-methyl analog and is at a much lower concentration,
most of the natural amino acid became attached to the tRNA and
was removed by EtOH precipitation [54]. The N-methyl AA
containing EtOH layer was kept and evaporated. After repeating
this procedure twice, formation of the natural amino acid-
containing peptides was greatly suppressed. Unfortunately, the
yields of N-methyl amino acid containing peptides remained low
for M1, M2, M5 and M6, possibly due to the synthesis of limiting
amounts of aminoacylated tRNA by the synthetase enzymes as
evidenced by the poor ability of all of the N-methyl AAs to serve as
competitors in our AARS assay.
Figure 5. Amino acids with nonpolar side chains and their translation yields relative to the cognate natural AA.
doi:10.1371/journal.pone.0000972.g005
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Alpha-hydroxy acids are another interesting class of backbone
analogs that are also the defining component of the depsipeptides,
a subset of the natural product non-ribosomal peptides. Every
substitution of an amide linkage for an ester linkage in
a depsipeptide removes one hydrogen bond donor from the
molecule, which may contribute significantly to membrane
permeability [55]. The incorporation of a-hydroxy acids into
peptides by ribosomal translation has generally been accomplished
by chemical transformation of aminoacyl-tRNA after enzymatic
charging [56] or by chemical tRNA acylation [15,37,57]. Since
the a-hydroxy acids lack an a-amino group, their potential activity
as AARS substrates cannot be determined by our MALDI-MS
assay. We therefore studied their ability to be translated directly,
by replacing one amino acid at a time with the corresponding a-
hydroxy acid using the appropriate templates (a–e). Of the 13
commercially available a-hydroxy analogs (Ala, Asp, Glu, Gly,
His, Ile, Leu, Met, Phe, Ser, Val, Trp, Tyr), only one, a-hydroxy
methionine (OM), was competent in translation. Interestingly, the
peptide products of translation with OM using template e
(Figure 2) showed defects in initiation including lack of formylation
and initiation at internal codons (Figure 7). Since a-hydroxy
methionine differs in mass from methionine by only +1, we desired
corroborating chemical evidence for its incorporation. When
incorporated into peptides, a-hydroxy acids introduce alkali-labile
ester linkages [56]. We examined the sensitivity to partial alkaline
hydrolysis (Figure 7) of peptides designed to incorporate
methionine between two His6 tags (template f). Mild hydrolysis
led to cleavage of the ester-containing peptides [56,58] and gave
peptide fragments of the expected masses. As expected, treatment
of the methionine containing peptide showed no cleavage.
Fidelity of Analog Incorporation
The above experimentsdemonstratethatmanydifferentanalogscan
be incorporated into peptides at a single site. However, our ultimate
goal is to prepare libraries of peptides composed primarily of
unnatural AAs. The synthesis of such peptides requires that all
analogs be mutually orthogonal, so that misincorporation events do
not lead to a scrambling of the relationship between coding mRNA
and translated peptide. Misincorporation at the level of the AARSs
could occur either because an analog is charged by one or more
additional synthetases, or by incorporation of contaminating natural
amino acids in place of the analog. We therefore decided to begin by
testing each analog in the presence of the other 19 natural amino
acids and their synthetases, using an mRNA template coding for the
incorporationofall20buildingblocks.Thisassaycandetectmanyof
the potential misincorporation events that would not be seen in the
short templates used above for single-analog translation assays, since
not all the competing amino acids and synthetases were present.
In order to carry out this fidelity assay, we designed template h,
which contained codons for each of the 20 amino acids and a C-
terminal His-Tag. His analogs were tested in the similar template i,
which contains a C-terminal FLAG tag. We tested all analogs that
had .25% translation efficiency as measured with templates a–e,
using templates h or i in the presence of the other 19 natural amino
acids and their synthetases. As above, we performed three
experiments for each analog, a positive control with the cognate
natural amino acid, a negative control with no amino acid added,
Figure 6. Backbone-modified amino acids and their translation yields relative to the cognate natural AA.
doi:10.1371/journal.pone.0000972.g006
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Interestingly, in nearly all cases, the negative control experiment
lacking a particular AA led to the synthesis of significant amounts of
full-length peptide. The identity of these unexpected full length
products varied depending on the AA withheld. For certain amino
acids, peptides resulting from natural amino acid contamination (Ile,
Glu, Asp) were observed. In other cases, specific misincorporation
products were generated (e.g TrpRPhe, TyrRHis, and LeuRGln/
Lys, ValRLeu/Ile). Since the yield of these peptides was in most
cases as high as the positive control containing 20 natural amino
acids, we focused on the MALDI-MS analysis of the peptide
products synthesized in the presence of an unnatural amino acid.
Many of the analogs were incorporated efficiently in the
presence of the other natural amino acids (Figure 8). Some analogs
showed two (or more) peaks in the resulting peptide MS, one of the
correct mass and one or more of other masses. These analogs were
categorized into two subgroups based on the identity of the other
peptides observed. In some examples (A15, N4 and N11), these
other masses were the natural amino acid-containing peptides,
suggesting that at the concentration tested (100 mM) these analogs
could only partially compete with contaminating natural AAs. In
other cases (C11 and A11) the undesired peptides corresponded to
peptides that resulted from other misincorporation events, some of
which could not be identified by mass. A third group of amino
acids showed no incorporation under these conditions.
The heterogeneous products observed with some of the analogs
suggested that competition is occurring between the analog and
one or more natural amino acids. We therefore re-tested all of
analogs that gave heterogeneous products, as well as those that did
not lead to measurable incorporation, at a 10-fold higher
concentration (1 mM). At 1 mM all of the analogs except M4
showed improved incorporation into peptides including two (A1
and C11) that now gave entirely homogeneous products (Figure 8).
Translation of a peptide containing multiple analogs
The synthesis of peptides containing multiple unnatural amino
acids requires a high fidelity of mRNA-directed incorporation, but
in addition, the cumulative inefficiencies associated with each
analog must not result in substantially diminished translation
yields. We examined both of these requirements by translating
peptides containing increasingly large numbers of different
analogs. Prior this study, we were able to prepare peptides
containing 12 different unnatural amino acids previously shown to
incorporate efficiently [1]. For the experiments described here, we
focused as much as possible on new analogs that were uncovered
with our AARS assay [11]. We selected analogs that were
efficiently incorporated in the 20 AA templates (h and i)a t1m M
as well as A24 which was chosen as an alternate to the well
described Ile analog N16, and C6, which we had shown previously
to be incorporated and is our only Asp analog [1]. We were able to
Figure 7. Ester hydrolysis shows that a-hydroxy methionine is incorporated. Top–Comparison of the peptide masses before and after treatment
with NaOH which shows the expected hydrolyzed products labeled D, E and F. Bottom—Expected products from the hydrolysis of peptide
containing an a-hydroxy methionine residue.
doi:10.1371/journal.pone.0000972.g007
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unnatural amino acids using template g (M-.N1, Y-.A3, D-.C6,
E-.A15, F-.A10, T-.P5, V-.N12, W-.A18, K-.C7, I-.A24,
P-.N23, R-.C10, L-.N18) (Figure 9). Five of these, A15, N12,
A24, N23, and N18 are new analogs not previously incorporated
translationally into peptides. Although the products of this trans-
lation reaction are not completely homogenous, the correct peptide
is the dominant product. This level of purity should be sufficient for
in vitro selections of unnatural peptides using mRNA display.
Unfortunately, attempts to simultaneously incorporate 15
different unnatural AAs (analogs for every natural AA except,
Asn, Ala, Ser, Gly, Cys) did not result in peptides of the correct
mass. We suspect that this failure was caused by incomplete
AARS/AA orthogonality and by the presence of very small
amounts of the highly efficient natural amino acids in the
translation mix.
DISCUSSION
Correlation between aminoacylation and translation
assay
A scatter plot comparing inhibition of the AARS reaction
containing the cognate, natural amino acid and translation yield
(single incorporation in templates a–e) is shown in Figure 10.
Analogs that are efficient AARS competitors are located in the top
half of the plot, and analogs that are translated efficiently appear
on the right. From the plot it is clear that there is a correlation
between competition with the natural AA for the AARS and
translation efficiency—there are no highly efficient AARS
competitors that translate poorly and thus would appear in the
upper left quadrant of the plot. There are, on the other hand, a few
analogs that translate well, but are inefficient AARS competitors
and appear in lower right quadrant. These include A19, A21–A25,
C9, C11, N11, N20, and P1. Several of these (A24, A25, C11,
N11, N20, and P1) were among the more inefficient analogs with
the 20 AA template experiments. Thus it seems reasonable to
conclude that for these analogs the inefficiency is occurring during
the AARS charging step. The synthetases (LeuRS and TrpRS)
activating the remaining analogs in the lower right quadrant of the
graph (A19, A21–23 and C9) have especially low Kms (1.5 mM [59]
and 12 mM [60] respectively) for their cognate AAs. This might
allow them to compensate for their relative inefficiencies of
charging since the analogs were tested in these particular
translation experiments at 400 mM.
Specificity of the translation apparatus
As a step towards the synthesis of large libraries of NRP-like
molecules using an in vitro translation system, we have studied the
Figure 8. Analog incorporation efficiency and fidelity in the presence of the other 19 natural amino acids and their AARSs. Reactions used
templates h and i and each reaction tested one unnatural amino acid analog. Analogs that yielded non-homogeneous peptide products at 0.1 mM,
were tested again at 1 mM.
doi:10.1371/journal.pone.0000972.g008
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acid analogs. The translation experiments are summarized by
analog class in Table 2. Most side chain analogs are efficiently
incorporated into peptides, but the backbone analogs are for the
most part poorly translated. Of the 71 analogs tested, 41 side chain
analogs are efficiently translated with high fidelity along with the
other 19 AAs, and another 8 side chain and 2 backbone analogs
should be efficiently translated if contamination of the translation
system with natural, cognate AAs can be removed. The remaining
analogs (mostly backbone), although AARS substrates, are poorly
incorporated into peptides during translation.
Considering the side chain analogs as a class, poor charging
onto tRNA appears to be the most common explanation for
inefficient translation. This is supported by the correlation
between competitive aminoacylation inhibition (a surrogate for
aminoacylation activity) and translation efficiency (peptide yield
and homogeneity) (Figure 10). For certain side chain analogs this
explanation is certainly correct because they have been in-
corporated into peptides with good efficiency using stop codon
suppression systems. For example, p-nitrophenylalanine (A14) has
been efficiently incorporated into proteins in E. coli using an
engineered AARS [61]. Similarly b-cyclopentyl alanine (N19) [51]
and L-C-propargyl glycine (N9) [3] have been efficiently added
using E. coli in vitro translation systems.
The correlation between charging efficiency and translatability
suggests that enzyme engineering of the AARSs to better recognize
certain analogs will be an important step to improve translation
yield. Alternatively, enzymatic pre-charging of the tRNAs at high
enzyme and amino acid concentrations prior to addition to the
translation mixture may improve yields while minimizing product
heterogeneity due to competition from efficiently acylated
contaminating natural amino acids.
For the backbone analogs, the relative importance of aminoa-
cylation efficiency vs. later steps in translation varies with the type
of backbone modification. In the case of the a-hydroxy acids, we
cannot detect tRNA acylation directly. However, the ribosomes
from E. coli are known to be able to generate ester linked products
for the a-hydroxy analogs of Phe, Leu, Ile, Ala, [15,51,57,62] and
now Met. Since only a-hydroxy methionine was incorporated into
peptides in our assays of 13 a-hydroxy acids, either the synthetases
or EF-Tu must discriminate against the other a-hydroxy acids.
Given that many a-hydroxy acids are common metabolites (e.g.
glycolate, lactate, glycerate, malate) while others may be generated
at low levels in cells by hydrolysis of acyl-CoA intermediates or
reduction of a-keto acids, it would not be surprising if many
synthetases and perhaps EF-Tu have evolved the ability to
discriminate against a-hydroxy acids. If this is the case, it will be
necessary to engineer modified synthetases and perhaps EF-Tu to
enable the efficient enzymatic incorporation of a-hydroxy acids
into peptides. Similar synthetase engineering may be needed for
the N-methyl amino acids, which, except for N-methyl His and Asp
were poorly incorporated into peptides in our experiments and
were poor AARS competitors as well. Previous experiments show
that chemically generated N-methyl aminoacyl-tRNAs can be used
Figure 9. Incorporation of multiple unnatural AAs into a single peptide. (A) Mass spectrum of the peptides produced by in vitro translation of
template g with all 15 natural amino acids. (B) Mass spectrum of the peptides produced from in vitro translation of template g with 13 unnatural and
2 natural amino acids. (C) Structure of the unnatural peptide that is the major product of in vitro translation of template g with unnatural amino acids.
doi:10.1371/journal.pone.0000972.g009
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suggesting that the main block to incorporation is not at the level
of EF-Tu or the ribosome. By default, poor efficiency of tRNA
charging may be the limiting factor. In contrast, the b-amino acids
are likely to be discriminated against by the active site of the
peptidyl transferase center, possibly due to a higher pKa of the
amino group [53].
Misincorporation/Contamination
Our discovery that full length peptides resulting from misincor-
poration or contamination were formed when we used the 20 AA
template h but withheld particular amino acids was surprising
because we had only observed this in a few cases with our shorter
templates. For example template d which contains both Gln and
Glu codons often gives significant full length peptide when Glu is
withheld; we expect that this results from contaminating Glu in the
Gln stock. In the same vein, the Glu and Asp contamination
products with the 20 AA template h most likely resulted from the
Gln and Asn stocks. Consistent with this fact, lowering the
concentration of Asn improved the incorporation efficiency of Asp
analog C6 in this template (not shown). The misincorporation
events we observed, however, require other explanations. We
reasoned that misincorporation could occur either by mischarging
of a non-cognate AA by a particular AARS (e.g. the Leu to Lys/
Gln misincorporation could be caused by the formation Lys/Gln-
tRNA
Leu by LeuRS) or by readthrough of a non-cognate codon by
a cognate AA-tRNA pair (e.g. Gln-tRNA
Gln reading the Leu
codon). Preliminary investigations into the LeuRGln/Lys mis-
Figure 10. Comparison of % AARS competition and % translation yield for all of the analogs shown in Table 1. The symbols are as follows: blue
circles—side chain analogs, green squares—a,a disubstituted amino acids, black open triangles—N-methyl amino acids, red diamonds–b-amino
acids. Translation yields for analogs that gave multiple peaks in the translation experiment were set to zero for this graph.
doi:10.1371/journal.pone.0000972.g010
Table 2. Summary of translation results
......................................................................
Analog class Total #
Translate
.25% Homogeneous
a
Homogeneous
or natural AA
b
Charged 13 9 7 8
Polar 7 3 2 3
Aromatic 25 18 14 15
Nonpolar 26 23 18 23
Total side chain 71 53 41 49
a,a disubstituted 7 2 0 1
Beta 11 0 0 0
N-methyl 6 2 0 1
aHomogeneous peptide produced with template h or i (Figure 8).
bHomogeneous peptides and analogs that gave correct peptides along with the
natural AA containing peptide with template h or i (Figure 8).
doi:10.1371/journal.pone.0000972.t002
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PLoS ONE | www.plosone.org 11 October 2007 | Issue 10 | e972incorporation suggest that it is codon misreading that is the cause,
since changing the Leu codon from CUG to UUA led to
misincorporation of Phe (standard codon UUU) instead of Gln
(standard codon CAG). It is possible that these misincorporation
events are artifacts of our in vitro translation system, or it may be
that these miscoding events represent what happens in vivo when
a particular AA-tRNA is depleted in cells lacking the stringent
response [64].
Initiation
Methionine analogs provide an opportunity to investigate the
substrate specificity of the initiation steps of translation. Aminoa-
cylated initiator tRNA is inspected twice prior to initiation, once
by the methionyl-tRNA formyltransferase (MTF) and once by the
initiation factor IF2 [65]. Using template e which contains both
initiator and elongator methionine codons, we found several
methionine analogs that caused defects in initiation as evidenced
by the production of peptides that lacked the N-terminal Met
analog altogether, and appeared to either incorporate histidine in
place of methionine, or to initiate at internal sites. Since our
translation system lacks both the peptide deformylase and the N-
terminal methionine aminopeptidase enzymes, the N-terminal
residue cannot be removed posttranslationally, and therefore these
peptide products must result from a failure of the initiation steps.
Such translations were generally low yielding, but b-cyclopropyl
alanine, N11, and a-hydroxy methionine (OM) are exceptions to
this trend. Translation reactions with N11 were high yielding, but
two peaks corresponding to the full-length formylated peptide and
peptide lacking the N-terminal N11 residue were observed. Thus
for this particular analog, the initiation machinery (most likely IF-
2) appears to be more discriminating than the elongation
complexes. For OM, no formylated full-length peptide was
observed at all; initiation with non-formylated OM, however,
proceeded with reasonable efficiency (Figure 7).
Genetic code coverage
We have examined the translation of analogs of 17 out of the 20
canonical amino acids–all except Gly, Ser, and Cys. For 15 of
these 17, we have identified at least one analog that is translated
efficiently. These amino acids correspond to 47 of the 64 codons,
or reassignment of 73% of the genetic code. Cumulative
inefficiencies have so far limited us to the simultaneous reassign-
ment of 13 different amino acid codons (Figure 9). Further
expansion of the monomer set that is compatible with enzymatic
aminoacylation and ribosomal translation may be achievable in
several different ways. Clearly, the continued generation of mutant
AARSs with altered substrate specificities will greatly facilitate this
program. An alternative strategy is to use a combination of
enzymatic, chemo-enzymatic and chemical synthesis of pre-
charged tRNAs. The use of pre-charged tRNAs greatly reduces
the opportunities for mis-incorporation events during peptide
synthesis, but also reduces the yield of translated peptide since
aminoacylated tRNA is not continuously regenerated during the
course of the translation reaction. However, this factor may be less
important in the synthesis of large mRNA-display or ribosome-
display libraries, where each ribosome is only required to
synthesize one peptide and turnover is not needed [66–68].
Analog properties
It is our desire to prepare peptides using in vitro translation that are
as drug-like as possible. To this end, we compared the side chain
functional groups available to our system with a list of the most
common functional groups in known drugs [69]. Of the top 46
functional groups found in drugs, 9 are represented within the
natural amino acid side chains (Figure 11). Using only the analogs
that are .75% efficient in our system, we can incorporate eleven
more drug-like functional groups including methyl ethers,
halogens, the dimethyl amino group, methyl esters and the t-butyl
group (Figure 11). Drugs containing building blocks or functional
groups present in our library include the HIV protease inhibitor
Atazanavir which contains two t-butyl glycines (N13), Perindopril,
an ACE inhibitor which includes norvaline (N4), and the
antihypertensive drug Candoxatril which includes a cyclopentyl
carboxylic acid moiety like that of a1. Other functional groups
including acetates, nitriles, sulfonates, nitro groups, and ketones
are targets for future unnatural translation building blocks.
Access to new functional groups that are found in current drugs
is not enough to bestow drug-like qualities onto small molecules.
These functional groups must be placed on a backbone or scaffold
in precise orientations so that they can interact tightly with their
targets. Coupling in vitro translation with mRNA-display [66] or
ribosome-display will allow selection from extremely large libraries
to find the rare peptides that properly orient these drug-like
functional groups. Rigidifying the library scaffold by cyclization
[58] should also improve affinity and specificity. We hope that
further work aimed at increasing the building block diversity
accessible through ribosomal peptide translation will enable a new
path to drug discovery.
MATERIALS AND METHODS
Amino acids Amino acid stocks were prepared at 10 mM
concentration or their maximum solubility (always .1 mM) and
were stored at –20uC. For translation assays the pH of the stocks
was adjusted with KOH to 7–7.5, and the stocks were filtered.
Supplier information for the amino acids has been described
previously [11]. The a-hydroxy acids were purchased from Fluka
(OF, OM, OS, OV), Sigma/Aldrich (OA, OP, OG, OH, OI, OL,
OW, OY) or City Chemical (OE).
Protein purification AARSs and translation factors were prepared
as His-tagged constructs as previously described [1,11].
Quantitative AARS Assays Each assay contained 40 mM HEPES-
KOH pH 7.4, 17 mM MgCl2, 45 mM KCl, 3.4 mM BME,
6 mM ATP, 6% glycerol, 0.02 units/mL yeast inorganic pyropho-
sphatase, 50–350 mM E. coli total tRNA (Roche), 0.09 mg/mL
BSA, and various AARS, natural amino acid and analog
concentrations (Table 3). For each analog inhibition experiment
three different assays were performed (A, B, and C). These assays
were then mixed together (Mixing protocols 1–3) to determine
differences between the ratios of the natural AA [M]
+ and
[M+15]
+ peaks in the presence of the analog.
Assay A: Only the natural amino acid was included in this
charging assay at the indicated concentration (Table 3). The assay
was initiated by the addition of the appropriate AARS and was
incubated for 30 min at 37uC. A solution of 3 M NaOAc pH 5.2
(0.1 vol., 2.5 mL) was added and the assay solution extracted with
unbuffered phenol:CHCl3:isoamyl alcohol (25:24:1), and then
CHCl3. A portion (45 mL) of the final aqueous layer was removed
and precipitated with EtOH (3 vol.) and 3 M NaOAc pH 5.2
(0.1 vol.) at –20uC. The resulting pellet was washed twice with
70% EtOH (250 mL each), allowed to dry at room temperature
(,5 min), and dissolved in 200 mM NaOAc pH 5.0 (12.5 mL).
Half of the solution was frozen at –20uC, and the remaining half
was added to water (3.75 mL), a freshly prepared solution of 4-
formylphenoxypropyl triphenylphosphonium bromide [70] (each
69 mM in MeOH, 12.5 mL), and freshly prepared NaCNBH3
(200 mM in 50 mM NaOAc pH 5.0, 2.5 mL). The solution was
placed in a tumbler at 37uC (occasionally additional MeOH (1–
Unnatural Peptide Translation
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NH4OAc pH 5.0 (0.2 vol., 5 mL) was added to quench and the
assay was mixed as described below (Mixing protocol).
Assay B: Assay B followed the identical procedure, except the
deuterated aldehyde 4-formylphenoxypropyl triphenylphospho-
nium-d15 bromide [11] was added in place of the non-deuterated
aldehyde.
Assay C: Assay C included both the natural amino acid and
the analog at the specified concentrations (Table 3) and used the
deuterated aldehyde 4-formylphenoxypropyl triphenylphospho-
nium-d15 bromide. The contents of the three assays are
summarized in Table 4.
Mixing protocol #1 (used to determine the ratio of the [M]
+
and [M+15]
+ peaks when no unnatural AA competitor was
present). After the NH4OAc quenching of the reductive amination
step, 25 mL of Assay A and 25 mL of Assay B were mixed together
Table 4. AARS assay contents
......................................................................
Assay Natural AA Analog AA H15 label d15 label
A ++
B ++
C ++ +
doi:10.1371/journal.pone.0000972.t004
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Figure 11. Functional groups found in known drugs and examples of drugs containing them.
doi:10.1371/journal.pone.0000972.g011
Table 3. AARS and AA concentrations in competition assays
......................................................................
AARS AARS conc (nM) Nat AA conc (mM) Analog conc. (mM)
AlaRS 3000 50 50
ArgRS 480 20 20
AspRS 500 50 50
GlnRS 500 50 50
GluRS 500 10 10
HisRS 500 15 15
IleRS 220 10 10
LeuRS 500 30 30
LysRS 560 10 10
MetRS 1100 50 50
PheRS 320 5 5
ProRS 500 50 50
ThrRS 950 50 50
TrpRS 500 30 30
TyrRS 580 5 5
ValRS 1000 50 50
doi:10.1371/journal.pone.0000972.t003
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The pellet was washed with 70% EtOH (2X) and 100% EtOH
(2X) and was allowed to dry at room temperature. The dry pellet
was then dissolved in 200 mM NH4OAc pH 5.0 (2.25 mL) and
1U / mL Nuclease P1 in 200 mM NH4OAc pH 5.0 (,0.25 mL)
was added. After 20 min at room temperature, an aliquot (1 mL)
was removed and added to a saturated solution of CHCA (a-
cyano-4-hydroxycinnamic acid) matrix in 1:1 MeCN:1% TFA
(9 mL). An aliquot (1 mL) of the resulting suspension was added to
a MALDI plate and analyzed.
Mixing protocol #2 (used to determine the ratio of [M]
+ and
[M+15]
+ that would be found if complete, 100%, inhibition by the
analog was observed). For this protocol, assay A was used alone
without mixing and treated exactly as described for Mixing
protocol #1.
Mixing protocol #3 (used to determine the ratio of [M]
+ and
[M+15]
+ when the analog was present). For this protocol, Assays A
and C (25 mL each) were mixed and treated exactly as in Mixing
protocol #1.
Data analysis After software baseline subtraction, the ratio of
peak heights for derivatized natural AA-AMP and d15-AA-AMP
was determined for the assay mixtures described above. To get the
final % inhibition, the following equation was used % inh=(ratio
A/C mix – ratio A mix)/(ratio A/B mix – ratio A mix)*100. For
MetRS, ValRS, IleRS, GlnRS, GluRS, and AspRS analogs the %
inhibition value was instead calculated with a calibration curve
determined by mixing known ratios of d15-AA-AMP and H15-AA-
AMP [11].
Translation Assay Translation reactions (50 mL) were carried out
as previously described [1]. The mRNAs used for the translation
reactions are described in the supporting information (Figure S1).
For a particular template only the required natural or analog
amino acids (400 mM each) and AARSs (0.1 mM MetRS, 0.3 mM
LeuRS, 0.6 mM GluRS, 0.2 mM ProRS, 1.0 mM GlnRS, 1.0 mM
HisRS, 0.3 mM PheRS or 0.25 mM PheRS A294G, 1.5 mM
TrpRS, 0.2 mM SerRS, 0.2 mM IleRS, 0.4 mM ThrRS, 0.6 mM
AsnRS, 0.6 mM AspRS, 0.5 mM TyrRS, 0.5 mM LysRS, 0.4 mM
ArgRS, 0.2 mM ValRS, 0.2 mM AlaRS, 0.5 mM CysRS, 0.06 mM
GlyRS) were added.
Multiple Analog template translation Peptide synthesis was carried
out with the following optimized amino acid concentrations: N1
(800 mM), A3 (1600 mM), C6 (800 mM), A15 (1600 mM), A10
(400 mM), P5 (800 mM), N12 (3200 mM), A18 (800 mM), C7
(400 mM), A24 (800 mM), N23 (800 mM), C10 (400 mM), N18
(1600 mM), Ala (400 mM), Gln (400 mM).
a-hydroxy methionine peptide cleavage assay Translation reactions
(100 mL) were performed as described [1] using mRNA template f.
After elution from the Ni-NTA resin (Qiagen) into 0.2% TFA
(50 mL), the peptides were treated with 1 M NaOH (15 mL) for
60 min at 37uC. The assays were quenched with 10% TFA (6 mL)
and 1 M HOAc (5 mL) and were purified by Zip-Tip C18
chromatography as described above. The products were analyzed
by MALDI-TOF MS.
SUPPORTING INFORMATION
Figure S1
Found at: doi:10.1371/journal.pone.0000972.s001 (0.04 MB
DOC)
ACKNOWLEDGMENTS
The authors thank T. Ueda (University of Tokyo, Kashiwa, Japan) and P.
Schimmel (Scripps Research Institute, La Jolla, CA) for gifts of AARS
plasmids, J. K. Coward (Univ. of Michigan, Ann Arbor, MI) for gifts of the
fluoroglutamates C3-C5, J. Taunton (University of California, San
Francisco, CA) for compounds N25 and N26 and D. Tirrell (California
Institute of Technology, Pasadena, CA) for compounds N1, N6, and A12.
Author Contributions
Conceived and designed the experiments: JS MH KJ CL. Performed the
experiments: MH KJ CL. Analyzed the data: JS MH KJ CL. Wrote the
paper: JS MH.
REFERENCES
1. Josephson K, Hartman MCT, Szostak JW (2005) Ribosomal synthesis of
unnatural peptides. J Am Chem Soc 127: 11727–11735.
2. Forster AC, Weissbach H, Blacklow SC (2001) A simplified reconstitution of
mRNA-directed peptide synthesis: activity of the epsilon enhancer and an
unnatural amino acid. Anal Biochem 297: 60–70.
3. Forster AC, Tan Z, Nalam MN, Lin H, Qu H, et al. (2003) Programming
peptidomimetic syntheses by translating genetic codes designed de novo. Proc
Natl Acad Sci U S A 100: 6353–6357.
4. Shimizu Y, Inoue A, Tomari Y, Suzuki T, Yokogawa T, et al. (2001) Cell-free
translation reconstituted with purified components. Nat Biotechnol 19: 751–755.
5. Heckler TG, Chang LH, Zama Y, Naka T, Chorghade MS, et al. (1984) T4
RNA ligase mediated preparation of novel chemically misacylated transfer-RNA
Phes. Biochemistry 23: 1468–1473.
6. Noren CJ, J. A-CS, Griffith MC, Schultz PG (1989) A general method for site-
specific incorporation of unnatural amino acids into proteins. Science 244:
182–188.
7. Bain JD, Diala ES, Glabe CG, Dix TA, Chamberlin AR (1989) Biosynthetic site-
specific incorporation of a non-natural amino-acid into a polypeptide. J Am
Chem Soc 111: 8013–8014.
8. Murakami H, Ohta M, Ashigai H, Suga H (2006) A highly flexible tRNA
acylation method for non-natural polypeptide synthesis. Nat Methods 3:
357–359.
9. Ninomiya K, Minohata T, Nishimura M, Sisido M (2004) In situ chemical
aminoacylation with amino acid thioesters linked to a peptide nucleic acid. J Am
Chem Soc 126: 15984–15989.
10. Wang L, Xie J, Schultz PG (2006) Expanding the genetic code. Annu Rev
Biophys Biomol Struct 35: 225–249.
11. Hartman MCT, Josephson K, Szostak JW (2006) Enzymatic aminoacylation of
tRNA with unnatural amino acids. Proc Natl Acad Sci U S A 103: 4356–4361.
12. Hohsaka T, Sato K, Sisido M, Takai K, Yokoyama S (1993) Adaptability of
nonnatural aromatic amino acids to the active center of the E. coli ribosomal A
site. FEBS Lett 335: 47–50.
13. Hohsaka T, Kajihara D, Ashizuka Y, Murakami H, Sisido M (1999) Efficient
incorporation of nonnatural amino acids with large aromatic groups into
streptavidin in in vitro protein synthesizing systems. J Am Chem Soc 121: 34–40.
14. Asahara H, Uhlenbeck OC (2005) Predicting the binding affinities of
misacylated tRNAs for Thermus thermophilus EF-Tu.GTP. Biochemistry 44:
11254–11261.
15. Tan Z, Forster AC, Blacklow SC, Cornish VW (2004) Amino acid backbone
specificity of the Escherichia coli translation machinery. J Am Chem Soc 126:
12752–12753.
16. Martinez JS, Zhang GP, Holt PD, Jung HT, Carrano CJ, et al. (2000) Self-
assembling amphiphilic siderophores from marine bacteria. Science 287:
1245–1247.
17. Kilz S, Lenz C, Fuchs R, Budzikiewicz H (1999) A fast screening method for the
identification of siderophores from fluorescent Pseudomonas spp. by liquid
chromatography/electrospray masss p e c t r o m e t r y .JM a s sS p e c t r o m3 4 :
281–290.
18. Lea PJ, Fowden L (1973) Amino acid substrate specificity of asparaginyl-
,aspartyl-, and glutaminyl-tRNA synthetase isolated from higher plants.
Phytochemistry 12: 1903–1916.
19. Levengood J, Ataide SF, Roy H, Ibba M (2004) Divergence in noncognate
amino acid recognition between class I and class II lysyl-tRNA synthetases. J Biol
Chem 279: 17707–17714.
20. Christner PJ, Rosenbloom J (1971) Effects of incorporation of trans-4,5-
dehydrolysine on collagen biosynthesis and extrusion in embryonic chick tibiae.
J Biol Chem 246: 7551–7556.
21. Blount KF, Wang JX, Lim J, Sudarsan N, Breaker RR (2007) Antibacterial
lysine analogs that target lysine riboswitches. Nat Chem Biol 3: 44–49.
22. Lemeignan B, Sonigo P, Marliere P (1993) Phenotypic suppression by
incorporation of an alien amino acid. J Mol Biol 231: 161–166.
23. Sabina J, Dover N, Templeton LJ, Smulski DR, Soll D, et al. (2003) Interfering
with different steps of protein synthesis explored by transcriptional profiling of
Escherichia coli K-12. J Bacteriol 185: 6158–6170.
Unnatural Peptide Translation
PLoS ONE | www.plosone.org 14 October 2007 | Issue 10 | e97224. Hortin G, Boime I (1983) Applications of amino acid analogs for studying co and
posttranslational modifications of proteins. Methods Enzymol 96: 777–784.
25. Murakami M, Sun Q, Ishida K, Matsuda H, Okino T, et al. (1997)
Microviridins, elastase inhibitors from the cyanobacterium Nostoc Minutum
(NIES-26). Photochemistry 45: 1197–1202.
26. Neal AL, Libman L, Smulson ME (1968) Influence of c-glutamyl hydrazide on
protein synthesis of Pseudomonas aeruginosa. Arch Biochem Biophys 127: 426–428.
27. Ahluwalia GS, Grem JL, Hao Z, Cooney DA (1990) Metabolism and action of
amino acid analog anti-cancer agents. Pharmacol Ther 46: 243–271.
28. Ikeda Y, Kawahara S, Taki M, Kuno A, Hasegawa T, et al. (2003) Synthesis of
a novel histidine analogue and its efficient incorporation into a protein in vivo.
Protein Eng 16: 699–706.
29. Schlesinger S, Schlesinger MJ (1967) The effect of amino acid analogues on
alkaline phosphatase formation in Escherichia coli K-12. I. Substitution of
triazolealanine for histidine. J Biol Chem 242: 3369–3372.
30. Beiboer SH, van den Berg B, Dekker N, Cox RC, Verheij HM (1996)
Incorporation of an unnatural amino acid in the active site of porcine pancreatic
phospholipase A2. Substitution of histidine by 1,2,4-triazole-3-alanine yields an
enzyme with high activity at acidic pH. Protein Eng 9: 345–352.
31. Minks C, Alefelder S, Moroder L, Huber R, Budisa N (2000) Towards new
protein engineering: in vivo building and folding of protein shuttles for drug
delivery and targeting by the selective pressure incorporation (SPI) method.
Tetrahedron 56: 9431–9442.
32. Kirshenbaum K, Carrico IS, Tirrell DA (2002) Biosynthesis of proteins
incorporating a versatile set of phenylalanine analogues. Chembiochem 3:
235–237.
33. Budisa N, Alefelder S, Bae JH, Golbik R, Minks C, et al. (2001) Proteins with
beta-(thienopyrrolyl)alanines as alternative chromophores and pharmaceutically
active amino acids. Protein Sci 10: 1281–1292.
34. Hall LE, Hegeman GD, Bosin TR (1974) Incorporation of tryptophan and its
benzo(b)thiophene, 1-methylindole, and indene analogs into protein of
Escherichia coli. Res Commun Chem Pathol Pharmacol 9: 145–153.
35. Cleland TA (1996) Inhibitory glutamate receptor channels. Mol Neurobiol 13:
97–136.
36. McLennan H (1983) Receptors for the excitatory amino acids in the mammalian
central nervous system. Prog Neurobiol 20: 251–271.
37. Bain JD, Wacker DA, Kuo EE, Chamberlin AR (1991) Site-Specific
Incorporation of non-natural residues into peptides: Effect of residue structure
on suppression and translation efficiencies. Tetrahedron 47: 2389–2400.
38. Spizek J, Janacek J (1969) The effect of ethionine on the synthesis of beta
galactosidase: formation of an immunologically cross-reacting protein. Biochem
Biophys Res Commun 34: 17–21.
39. van Hest JCM, Kiick KL, Tirrell DA (2000) Efficient incorporation of
unsaturated methionine analogues into proteins in vivo. J Am Chem Soc 122:
1282–1288.
40. Kiick KL, Saxon E, Tirrell DA, Bertozzi CR (2002) Incorporation of azides into
recombinant proteins for chemoselective modification by the Staudinger
ligation. Proc Natl Acad Sci U S A 99: 19–24.
41. Kiick KL, Weberskirch R, Tirrell DA (2001) Identification of an expanded set of
translationally active methionine analogues in Escherichia coli. FEBS Lett 502:
25–30.
42. Tang Y, Tirrell DA (2002) Attenuation of the editing activity of the Escerichia coli
leucyl-tRNA synthetase allows incorporation of novel amino acids into proteins
in vivo. Biochemistry 41: 10635–10645.
43. Lincecum TL, Jr, Tukalo M, Yaremchuk A, Mursinna RS, Williams AM, et al.
(2003) Structural and mechanistic basis of pre- and posttransfer editing by leucyl-
tRNA synthetase. Mol Cell 11: 951–963.
44. Suchanek M, Radzikowska A, Thiele C (2005) Photo-leucine and photo-
methionine allow identification of protein-protein interactions in living cells. Nat
Methods 2: 261–267.
45. Busiello V, di Girolamo M, Cini C, De Marco C (1979) Action of thiazolidine-2-
carboxylic acid, a proline analog, on protein synthesizing systems. Biochim
Biophys Acta 564: 311–321.
46. Papas TS, Mehler AH (1970) Analysis of the amino acid binding to the proline
transfer ribonucleic acid synthetase of Escherichia coli. J Biol Chem 245:
1588–1595.
47. Morris H, Schlesinger MJ (1972) Effects of proline analogues on the formation of
alkaline phosphatase in Escherichia coli. J Bacteriol 111: 203–210.
48. Fowden L, Neale S, Tristram H (1963) Effect of 3,4-dehydro-DL-proline on
growth and protein synthesis. Nature 199: 35–38.
49. Deming TJ, Fournier MJ, Mason TL, Tirrell DA (1996) Structural modification
of a periodic polypeptide through biosynthetic replacement of proline with
azetidine-2-carboxylic acid. Macromolecules 29: 1442–1444.
50. Roesser JR, Xu C, Payne RC, Surratt CK, Hecht SM (1989) Preparation of
misacylated aminoacyl-tRNA(Phe)’s useful as probes of the ribosomal acceptor
site. Biochemistry 28: 5185–5195.
51. Ellman JA, Mendel D, Schultz PG (1992) Site-specific incorporation of novel
backbone structures into proteins. Science 255: 197–200.
52. Heckler TG, Roesser JR, Xu C, Chang PI, Hecht SM (1988) Ribosomal binding
and dipeptide formation by misacylated tRNA(Phe)’s. Biochemistry 27:
7254–7262.
53. Sando S, Abe K, Sato N, Shibata T, Mizusawa K, et al. (2007) Unexpected
preference of the E. coli translation system for the ester bond during
incorporation of backbone-elongated substrates. J Am Chem Soc 129:
6180–6186.
54. Soutourina J, Plateau P, Blanquet S (2000) Metabolism of D-aminoacyl-tRNAs
in Escherichia coli and Saccharomyces cerevisiae cells. J Biol Chem 275: 32535–32542.
55. Veber DF, Johnson SR, Cheng HY, Smith BR, Ward KW, et al. (2002)
Molecular properties that influence the oral bioavailability of drug candidates.
J Med Chem 45: 2615–2623.
56. Fahnestock S, Rich A (1971) Ribosome-catalyzed polyester formation. Science
173: 340–343.
57. Koh JT, Cornish VW, Schultz PG (1997) An experimental approach to
evaluating the role of backbone interactions in proteins using unnatural amino
acid mutagenesis. Biochemistry 36: 11314–11322.
58. Millward SW, Takahashi TT, Roberts RW (2005) A general route for post-
translational cyclization of mRNA-displayed libraries. J Am Chem Soc 127:
14142–14143.
59. Mursinna RS, Lee KW, Briggs JM, Martinis SA (2004) Molecular dissection of
a critical specificity determinant within the amino acid editing domain of leucyl-
tRNA synthetase. Biochemistry 43: 155–165.
60. Sever S, Rogers K, Rogers MJ, Carter C Jr, Soll D (1996) Escherichia coli
tryptophanyl-tRNA synthetase mutants selected for tryptophan auxotrophy
implicate the dimer interface in optimizing amino acid binding. Biochemistry 35:
32–40.
61. Tsao M-L, Summerer D, Ryu Y, Schultz PG (2006) The genetic incorporation
of a distance probe into proteins in Escherichia coli. J Am Chem Soc 128:
4572–4573.
62. Fahnestock S, Neumann H, Rich A (1974) Assay of ester and polyester
formation by the ribosomal peptidyltransferase. Methods Enzymol 30: 489–497.
63. Merryman C, Green R (2004) Transformation of aminoacyl tRNAs for the in
vitro selection of ‘‘drug-like’’ molecules. Chem Biol 11: 575–582.
64. O’Farrell PH (1978) The suppression of defective translation by ppGpp and its
role in the stringent response. Cell 14: 545–557.
65. Mayer C, Kohrer C, Kenny E, Prusko C, RajBhandary UL (2003) Anticodon
sequence mutants of Escherichia coli initiator tRNA: effects of overproduction of
aminoacyl-tRNA synthetases, methionyl-tRNA formyltransferase, and initiation
factor 2 on activity in initiation. Biochemistry 42: 4787–4799.
66. Roberts RW, Szostak JW (1997) RNA-peptide fusions for the in vitro selection of
peptides and proteins. Proc Natl Acad Sci U S A 94: 12297–12302.
67. Hanes J, Pluckthun A (1997) In vitro selection and evolution of functional
proteins by using ribosome display. Proc Natl Acad Sci U S A 94: 4937–4942.
68. Mattheakis LC, Bhatt RR, Dower WJ (1994) An in vitro polysome display
system for identifying ligands from very large peptide libraries. Proc Natl Acad
Sci U S A 91: 9022–9026.
69. Bemis GW, Murcko MA (1999) Properties of known drugs. 2. Side chains. J Med
Chem 42: 5095–5099.
70. Schweizer EE, Berninger CJ, Crouse DM, Davis RA, Logothetis RS (1968)
Reactions of Phosphorus Compounds. XIX. Reactions of 3-(o-formylphenox-
y)propyltriphenylphosphonium bromide and 3-(p-formylphenoxy)propyltriphe-
nylphosphonium bromide). J Org Chem 34: 207–212.
Unnatural Peptide Translation
PLoS ONE | www.plosone.org 15 October 2007 | Issue 10 | e972